INTRODUCTION
Recent progress in organic solar cells (OSCs), especially the advents of non-fullerene acceptors like ITIC and Y6 Lin et al., 2015) , shows a bright future for organic photovoltaic industry. It is well known that the morphology of active layer plays a vital role in OSC's performance. To ensure an appropriate donor/acceptor (D/A) bulk heterojunction (BHJ) morphology for exciton dissociation, charge carrier generation, and transport, a variety of methods like thermal annealing (TA), (Kim et al., 2005; Li et al., 2005; Erb et al., 2005; Ma et al., 2010) , solvent vapor annealing (SVA), and additive engineering are employed (Sun et al., 2014 (Sun et al., , 2015 Li et al., 2010; Peet et al., 2006 Peet et al., , 2007 Rogers et al., 2011; Lee et al., 2008; Hoven et al., 2010) . Among the approaches above, the additive engineering has been identified as the most effective way to control the nanostructure of interpenetrating donor/acceptor domains in BHJ for efficient charge carrier separation and transport. Currently, a large number of high-performance OSCs are assisted by additives Zhang et al., 2018a; Li et al., 2018; Zhao et al., 2017; Baran et al., 2016; Fei et al., 2018; Jiang et al., 2019; Pan et al., 2019; . Traditional solvent additives like 1, 8-diiodooctane (DIO) and 1-chloronaphthalene (CN) are able to modulate the distribution of donor and acceptor components during film deposition process and thus improve device performance (Mcdowell et al., 2018) . However, the volume of solvent additives needs to be controlled carefully in a low concentration, which is generally less than 3% or even 0.5% (v/v) (Baran et al., 2016; Zhang et al., 2018a; Zhao et al., 2017; Jiang et al., 2019; Pan et al., 2019) . The variation of additive amount can make a huge difference to device performance, leading to poor reproducibility of OSCs. Besides, the traditional high-boiling-point solvent additives normally generate devices with poor stability, which could be attributed to the residue of additive deteriorating the BHJ morphology (Yu et al., 2018; Villers et al., 2016; Tournebize et al., 2015) . Furthermore, in terms of the fundamental mechanism, CN and DIO additives are initially designed for fullerene-based OSC systems owing to their low volatility and selective solubility of one components (Lee et al., 2008; Machui et al., 2015; Manley et al., 2017) , whereas in the nonfullerene OSCs, the skeletons of acceptors are mainly based on planar conjugated backbones and abundant group IV-VII elements (e.g., N, S) are presented. These features are different from that of the fullerene acceptors like PC 60 BM and PC 70 BM Lin et al., 2015; Hummelen et al., 1995; Wienk et al., 2003) . It is of great importance to explore new types of additives that are more compatible with non-fullerene OSC systems.
The ''s-hole'' refers to the electron-deficient region on a group IV-VII atom when it covalently bonded to electron-withdrawing groups. It has been widely accepted that the s-hole can form non-covalent interaction with lone electron pairs (e.g., the lone electron pair of N and S), namely, s-hole interaction. This non-covalent intermolecular interaction has been found tremendous applications in supramolecular recognition and regulating self-assembly nanostructures (Lim and Beer, 2018; Cavallo et al., 2016; Kolá r and Hobza, 2016) . It should be noted that the phase separation process of donor/acceptor materials is also a self-assembly process. Even though abundant lone electron pairs are presented in the donor and acceptor materials, which provide binding sites for the s-hole interaction, this non-covalent interaction has been scarcely discussed in organic solar cells.
In this work, we employed a s-hole-containing additive to modulate donor/acceptor phase separation. Taking into account that the introduction of s-hole-containing additive could also be an "impurity," a volatile one (1, 4-diiodotetrafluorobenzene, A3) was chosen in this strategy. A3 has been frequently used as halogen bond donor in crystal engineering (Cavallo et al., 2016) . Owing to the synergetic halogen bonding interaction between additive and photoactive materials, the volatilization of A3 from the photoactive layer induces the BHJ nanostructure rearrangement, giving larger crystalline sizes, denser molecule stacking, and thus better charge transport property in devices. The PCE values of OSCs based on polymer donor (PM6) and small molecular acceptor (Y6) system dramatically increased from 14.8% to 16.5% (certified as 15.9%) by using A3 volatile additive, much higher than the reported one (certified as 14.9%) using the 1-chloronaphthalene (CN) solvent additive . Even when the concentration of the additive in precursor solution increased up to 50 mg/mL, nearly 600 wt% of the acceptor component in blend, A3 additive processing still provides a PCE of 15.7%, which greatly contributes to the easy processability.
RESULTS
The Promotion of Device Performance through Introducing A3 Figure 1 shows the chemical structures of polymer donor (PM6), non-fullerene small molecular acceptor (Y6), and volatile solid additive (A3) used in this work. The OSCs were fabricated with a conventional device structure of indium tin oxide (ITO)/poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS)/photoactive layer/(2-(1,10-phenanthrolin-3-yl) naphth-6-yl) diphenylphosphineoxide (Phen-NaDPO)/Ag (Tan et al., 2015) . Besides, density functional theory (DFT) simulation ( Figure 1E ) shows that A3 possesses s-holes, which can be used to study the s-hole interaction in OSCs. As shown in Table S1 , the highest power conversion efficiency (PCE) value of 14.8% was obtained in the control devices with an open-circuit voltage (V OC ) of 0.86 V, a short circuit current density (J SC ) of 25.3 mA/cm 2 , and a fill factor (FF) of 68.4%. Upon introducing A3 volatile additive into the blend, the PCE of OSC was enhanced to 15.2% at an optimized concentration of 15 mg/mL. TA process at 110 C for 10 min was additionally conducted to help remove the residue of A3 in blend film. As a result, a champion PCE value of 16.5% with a slightly deceased V oc (0.82 V) but significantly enhanced J SC (26.5 mA/cm 2 ) and FF (76.1%) parameters was achieved (Table 1) . Besides, the PCEs of the A3-treated devices can maintain over 16.0% in a broad additive concentration ranging from 10 to 35 mg/mL in the precursor solution. It is worth mentioning that, even when the concentration of A3 raised to 50 mg/mL, three times higher than the total concentration of PM6 and Y6 in blend, a favorable efficiency of 15.7% was retained, higher than the control counterpart. The typical current density-voltage (J-V) characteristics of the optimized devices and corresponding external quantum efficiency (EQE) spectra are presented in Figures 1F and 1I . Compared with the control device, A3-treated counterpart shows a slight shift in EQE spectra. This shift is partially related to the absorption of acceptor as a similar absorption shift induced by A3 additive can be observed for Y6+A3 film ( Figure 4D ). The integrated J SC values of the control and the A3-treated device from the EQE spectra are 24.5 and 25.7 mA/cm 2 , respectively, which are consistent with the results acquired from the J-V measurements. In addition, a certificated PCE of 15.9% was obtained from the National Institute of Metrology (NIM) in Beijing, China ( Figure S9 ). The improvement on the device performance was attributed to the A3 additive, which enhances carrier mobility in the active layer and provides more balanced charge transport property. Meanwhile, the A3 treated devices show longer carrier lifetime, shorter charge extraction time, and suppressed recombination as evidenced by device physics studies. Thus, distinctly enhanced PCE value of 16.5% in binary single-junction OSCs is achieved. To verify the versatility of A3, we also introduced this additive in OSCs based on PBDB-T: Y6 and PBDB-T-SF: IT-4F ( Figure S1 ). A3 additive treatment contributed to higher J SC and FF in both two OSC systems (Table S2) , which is consistent with the trend observed in the PM6: Y6-based OSCs.
The Charge Transport, Recombination, and Extraction Properties of Devices with or without A3
To investigate the effects of A3 treatment on the charge transport, recombination, and extraction properties in OSCs, the space charge limited current (SCLC) method was used to probe the charge carrier mobilities of both the control and A3-treated blend film. The current-voltage (J 1/2 ÀV) characteristics are presented in Figures 2A and 2B , and the corresponding mobility data are listed in Table S3 . For the control blend, the mobilities of hole and electron are 3.08310 À4 and 1.32310 À4 cm 2 /Vs, respectively. For the A3processed blend, both parameters climb to 4.84310 À4 and 3.96310 À4 cm 2 /Vs, respectively. The enhanced carrier mobility and more balanced charge transport property should contribute to the reduction of space current and thereby better device performance.
Transient photovoltage (TPV) and transient photocurrent (TPC) measurements were carried out to evaluate the charge extraction time and carrier lifetime in OSCs. As shown in Figure 2C , the charge carrier lifetime of the solar cells processed with volatile A3 additive is 25.2 ms, which is much longer than that of the control one (18.5 ms). Furthermore, the TPC results ( Figure 2D ) show that the charge extraction time decreases from 0.36 ms (the control one) to 0.26 ms (A3-processed one). In general, longer carrier lifetime and shorter charge extraction time suggest slower recombination rates. Therefore, the results above suggest that the charge recombination was greatly suppressed via utilizing the volatile A3 additive in blend (Liang et al., 2018) . The s-hole interactions between A3 and photoactive matrix contribute to the more condensed and ordered molecular arrangement in the favorable interpenetrating donor/acceptor domains. This is supported by the morphology studies including atomic force microscopy (AFM) and GIWAXS measurements. As a result, greatly accelerated charge transport process with suppressed charge recombination possibility is observed.
Morphology and Crystalline Ordering of Active Layer with or without A3
To explore the nanostructures in the photoactive layer and its correlation with the photovoltaic properties of the respect devices, tapping-mode AFM was initially performed to probe the surface morphology of the blend films. As shown in Figure 3 , the AFM height images of both blend films show similar smooth surface with low root-mean-square roughness (R q ) of 0.96-1.00 nm ( Figures 3A and 3D ), whereas the corresponding phase images clearly reveal that the A3-processing technique can adjust the nanoscale texture of the blend as evidenced by larger feature size induced by A3. As shown in Figures 3B and 3E, the control blend film exhibited phase-separated regions with a defined fibril-like feature, whereas densely interconnected networks are observed in the A3-treated blend film, indicating that the A3 additives assisted the self-assembly process and regulate the microstructure morphology formation. The morphology changes are related to the s-hole interaction between A3 and aromatic fragments containing S or N atoms, which was proved by Fourier transform infrared (FTIR) spectroscopy, UV-vis, and 19 F NMR. It should be noted that, the morphology of A3 assisted PM6:Y6 film changes during annealing. The final film morphology with A3 treatment is different from a control film without A3 that undergoes the same annealing.
Grazing incidence wide-angle X-ray scattering (GIWAXS) measurement was conducted to further identify the crystalline ordering difference between the control and A3-treated blend films ( Figures 3C and 3F ). Both the control and A3-treated blend film show predominantly face-on orientation as revealed by the azimuthal pole figure ( Figure S3D ). The face-on orientation is thought to be favorable for device performance (Zhang et al., 2018b; Huang et al., 2018; Yang et al., 2015) . For the face-on (010) diffractions, the p-stacking crystallite coherence length (CCL 010 ) values (Table S4) , estimated from the Scherrer equation, are 26.75 and 27.63 Å for the control (q z = 1.69 Å À1 ) and A3-treated (q z = 1.70 Å À1 ) blend films, respectively, indicating the relatively larger (010) ordered crystallites and more compact molecular packing contained in the A3-treated system. The results demonstrate that the A3-treatment in PM6:Y6 blend matrix significantly affects the molecular stacking distances and nanocrystalline size and maintains the molecular packing orientation. Considering the morphological properties mentioned before, one can speculate that the thermodynamically denser and enhanced p-p stacking feature with suitable phase-separated networks in blend is responsible for the simultaneously efficient charge transport and extraction processes, contributing to the higher power outputs in the A3-treated OSCs.
The Molecular Interaction between A3 and Active Materials
To further gain insight into the role of A3 additive in modulating the microstructure of solid state, UV-vis measurements were performed in the neat and blend films with/without A3-processing. The neat polymer donor PM6 film exhibits a broad absorption with maximum absorption at 616 nm. Upon introducing A3 additive at the same concentration of optimum devices, a strong vibronic shoulder is apparent at 578 and 622 nm ( Figure 4A ), probably attributed to the enhanced aggregation and ordered alignment of PM6 (Schulz and Ludwigs, 2017) . Meanwhile, the introduction of A3 makes the maximum absorption peak of small molecular acceptor Y6 film shift from 818 to 826 nm ( Figure 4D ). The absorption of Y6 red shifted after the additive treatment, which could be attributed to the enhanced aggregation and ordered alignment of the molecules (Má s-Montoya and Janssen, 2017). In addition, FTIR spectroscopy measurement was carried out to analyze the vibration frequency. As shown in Figures 4B and 4E , the peaks at 1456 and 563 cm À1 are assigned to the C-C and C-I stretching in neat A3 (Wang and Jin, 2017; Hanson et al., 2009) , respectively. Compared with the neat A3, PM6:A3 and Y6:A3 blends exhibit obvious peak shifts, from 1456 to 1461 and 1463 cm À1 , respectively. Likewise, a secondary peak-shift phenomenon from 563 to 566 cm À1 is observed in both PM6:A3 and Y6:A3 blends. 19 We also studied the single component film morphology changes induced by A3 additive. As revealed by AFM studies, PM6 or Y6 film shows distinctively enhanced aggregation morphology after the A3 treatment further confirming the interaction ( Figure S7 ). It is well known that A3 can interact with aromatic fragments containing S or N atoms through the formation of halogen bonding like C-I . p, C-I . S, and C-I . N (Hai et al., 2012; Wang and Jin, 2017; Liu et al., 2019a Liu et al., , 2019b . Thus, the halogen interactions between A3 and photoactive matrix might be the intrinsic driving force for the condensed molecular stacking behavior in blend. To validate the speculation, A3 analogs with different polarizability of halogens, hexafluorobenzene (A1) and 1, 4-dibromotetrafluorobenzene (A2) ( Figure S8 ), were also examined in the PM6:Y6 system. In contrast to A1, both A2 and A3 can provide s-hole due to the polarizability of electron clouds of Br/I. As a result, the A2-treated device provided an enhanced PCE of 16.1%, whereas the A1-treated device gave only an inferior PCE of 14.9% (Table S7 ).
The Superior Stability of Devices Treated by A3
Since the residue of volatile solid additive in the blend can act as a trap or barrier for charge transport, thorough evaporation of the A3 additive is necessary (Shockley and Jr, 1952) . The volatility of A3 was in-deep characterized via thermogravimetric (TGA), UV-vis, and FTIR measurements. As shown in Figure S4A , when the heating rate was set as 1 C and 10 C min À1 , respectively, the corresponding evaporation temperatures (5% weight loss) of A3 are 88 C and 118 C, indicating the TA treatment at 110 C for 10 min is adequate for the removal of A3 in this work. The comparison of neat A3 absorption spectra before and after TA treatment confirms the complete volatilization of A3 ( Figure S4B ). Moreover, FTIR peaks at 1465, 939, and 566 cm À1 in (F) GIWAXS two-dimensional diffraction patterns of PM6:Y6 blend films with A3 additive; see also Figure S3 and Table S4 . Note: these blend films are fabricated following the process of device fabrication.
the TA-treated PM6:Y6:A3 blend film ( Figure S5 ) disappear, again verifying the statement above. The evaporation process under TA was recorded. As shown in Figure S6 , A3 with the optimum device amount wholly disappeared within 1 min. On increasing the amount of A3 up to 30 mg, the volatilization process can complete within 15 min. Based on these results, we believe that the non-covalent nature of the s-hole interaction ensures that A3 is evaporable, even though weak interactions exist between A3 and the active layer Table S5 and Table S6 . (B) J-V curves for fresh and aged devices with or without A3. materials. To study the effect of A3 on the long-term storage stability of OSCs based on PM6 and Y6, we stored the devices processed with or without A3 in a N 2 -filled glovebox. Although there was no encapsulation, the A3-treated device still maintained 97.5% of its initial average efficiency after 360-h storage (Table  S5 and Figure 5A ), higher than the value of its control counterpart (95.1% of its average PCE, presented in Table S6 and Figure 5B ). Thus, the volatility of A3 additive is appropriate in the high-efficiency PM6:Y6 system.
DISCUSSION
In summary, a novel s-hole-containing volatile solid additive A3 was developed for high-performance nonfullerene OSCs. Through the synergetic halogen bonding interaction between A3 and photoactive materials, thermodynamically preferred face-on orientation with orderly denser molecular stacking was realized in the BHJ blend films, contributing to less recombination and better charge transport properties. Assisted by A3 additive, a great PCE of 16.5% (certified as 15.9%) with excellent stability in devices was achieved, significantly higher than the reported efficiency using traditional CN additive (certified as 14.9%). Notably, the utilization of A3 can maintain a decent efficiency over 16.0% even within a wide concentration range of A3 additive from 10 to 35 mg/mL in the precursor solution. The intermolecular interaction via halogen bonding was demonstrated to be a feasible method for improving the performance of non-fullerene OSCs. The success of A3 additive treatment paves an avenue for designing volatile solid additives for the large-scale production of high-performance OSCs.
Limitations of the Study
There are many other s-hole-containing small molecules; here we studied one successful example. A lot of others-hole-containing additives can be explored.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.100965. 
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Supplemental Tables
Table S1 Photovoltaic performances of PM6:Y6-based OSCs with different concentration of A3 additive. All of cells performed without any treatment. Related to Table 1. a The average PCEs with standard deviation from the mean are calculated from 20+ devices and shown in the parenthesis.
Table S2
The effect of A3 on the device performance of different non-fullerene OSCs.
Related to Figure 1. a The average PCEs with standard deviation from the mean are calculated from 15 devices and shown in the parenthesis. Table S4 Detailed data for GIWAXS measurements. Related to Figure 3C and 3F. a The control film, b modified film by A3 additive. 
Theoretically simulated ESP
The theoretically simulated electrostatic potential distribution (ESP) of A1, A2 and A3 are calculated from the density functional theory (DFT) at the BLYP/6-31G level.
The colors changing from red to blue indicate the increasing ESP from negative to positive. To highlight the electrostatic potential positive and negative part, the electrostatic potential neutral parts of these additive molecules are processed with "transparent treatment", thus showing white color.
TPV&TPC
Transient photocurrent (TPC) and photovoltage (TPV) measurements: TPC were testing under the short-circuit condition to explore the time-dependent extraction of photogenerated charge carriers. The 10 ns light plus laser were selected to the light source for steady the photogenerated current density. The devices are otherwise kept in the dark between pulses in order to avoid any influence of pulse frequency on the current responses. TPV was testing under the open-circuit condition to explore the photovoltage decay. The subsequent voltage decay is then recorded by the digital storage oscilloscope to directly monitor non-geminate charge carrier recombination.
The intensity of light is 230 μW/cm 2 and the wavelength of light is 520 nm. The light pulse is 10 ns. The normalized curves are easier to compare the carrier lifetime and the slow decline one is the one with a long lifetime. The photovoltage decay kinetics of all devices follow a mono-exponential decay: δV = Aexp(-t/τ) where t is the time, and τ is the charge carrier lifetime, the fitting carrier lifetime value would not be affected by the A value. Thus the TPV curves are normalized.
SCLC mobility measurements
Electron-only devices with the structure of ITO/ZnO/DPO/active layer/DPO/Al and hole-only devices with the structure of ITO/MoO 3 /active layer/ MoO 3 /Ag are used to conduct SCLC measurements. The mobilities were determined by fitting the dark-field current density voltage curves using the Mott-Gurney relationship, which is described in the following equation,
where J is the current density, is the permittivity of free space, is the relative permittivity of the material, is the zero-field mobility, V is the effective voltage and L is the thickness of the active layer. From the plot of J 1/2 versus V, the hole and electron mobilities can be deduced.
AFM and GIWAXS
The atomic force microscopic (AFM) images were acquired using a Bruker Dimension EDGE in tapping mode. The GIWAXS data was obtained from the PLS-II 6A U-SAXS beamline of the Pohang Accelerator Laboratory in Korea. The active layer samples were deposited on the Si/PEDOT:PSS substrates followed device conditions. The X-rays coming from the in-vacuum undulator (IVU) were monochromated (wavelength λ=1.10994 Å) using a double crystal monochromated and focused both horizontally and vertically (450 (H) × 60 (V) μm2 in FWHM @ the sample position) using K-B type mirrors. The grazing incidence wide-angle X-ray scattering sample stage was equipped with a 7-axis motorized stage for the fine alignment of the sample, and the incidence angles of the X-beam was set to be 0.11°-0.13°. The GIWAXS patterns were recorded with a 2D CCD detector (Rayonix SX165) and an X-ray irradiation time within 100s, dependent on the saturation level of the detector. Diffraction angles were calibrated using a sucrose standard (monoclinic, P21, a=10.8631 Å, b=8.7044 Å, c=7.7624 Å, and β=102.938°) and sample-to-detector distance was ~231 mm.
UV-vis, FTIR, and TGA
UV-Vis absorption spectra were determined by a Perkin Eimer Lambda 365 spectrophotometer. And the FTIR spectra were obtained by using an FTIR (UATR Two) spectrometer from Perkin Eimer Inc. Thermogravimetric analysis (TGA) was carried out on a Mettler Toledo TGA/DSC 1 thermogravimetric analyzer with a thermal balance under the protection of nitrogen.
